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NITRIDATION OXIDATION OF TUNNELING
LAYER FOR IMPROVED SONOS SPEED AND
RETENTION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 12/005,813, filed Dec. 27, 2007, now U.S. Pat. No. 8,637,
921, issued Jan. 28, 2014, which claims priority to U.S. Pro-
visional Application No. 60/940,384, filed May 25, 2007, all
of'which are incorporated by reference herein in their entirety.

FIELD

Embodiments of the present invention relate to the elec-
tronics manufacturing industry and more particularly to fab-
rication of nonvolatile trapped-charge memory devices.

BACKGROUND

FIG. 1 is a partial cross-sectional view of an intermediate
structure for a semiconductor device 100 having a semicon-
ductor-oxide-nitride-oxide-semiconductor (SONOS) gate
stack 102 including a conventional oxide-nitride-oxide
(ONO) stack 104 formed over a surface 106 of a semicon-
ductor substrate 108 according to a conventional method. The
device 100 typically further includes one or more diffusion
regions 110, such as source and drain regions, aligned to the
gate stack and separated by a channel region 112. The
SONOS gate stack 102 includes a poly-silicon (poly) gate
layer 114 formed upon and in contact with the ONO stack
104. The poly gate 114 is separated or electrically isolated
from the substrate 108 by the ONO stack 104. The ONO stack
104 generally includes a silicon oxide tunneling layer 116, a
silicon nitride charge trapping layer 118 which serves as a
charge storing or memory layer for the device 100, and a
silicon oxide blocking layer 120 overlying the charge trap-
ping layer 118.

Such SONOS-type transistors are useful for non-volatile
memory (NVM). The charge trapping layer stores charge to
provide non-volatility. To program (i.e. write to) the n-chan-
nel SONOS-type device, a positive voltage is applied to the
control gate (V) while the source, body and drain are
grounded. The positive V., produces a field across the
SONOS stack resulting in some negative charge at the con-
duction band energy level in the buried channel of silicon
substrate channel to undergo Fowler-Nordheim tunneling
(FNT) through the tunneling layer and into the charge trap-
ping layer. The holes are stored in traps having mid gap
energy levels in the charge trapping layer. To erase the
n-channel SONOS device, a negative voltage is applied to the
control gate. The negative V. produces a field across the
SONOS stack attracting hole tunneling charge through tun-
neling layer and into the charge trapping layer.

SONOS-type devices are gaining in popularity for high
density memory applications, such as embedded NVM. An
advantage of SONOS over other NVM devices is scalability.
With proper scaling, there exists potential in SONOS to
achieve a memory technology operable in the 5 volt (V)
range, rather than the 10 V range of conventional SONOS-
type devices or 12 V-15V range of conventional flash tech-
nology. SONOS-type devices operable at low voltages (ap-
proaching 5 V) are advantageously compatible with low
voltage CMOS. However, successful scaling of SONOS-type
devices is non-trivial. For example, FIG. 2 depicts program-
ming and erase times for a conventional SONOS device
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2

employing a conventional ONO stack comprised of a 10 nm
thick silicon oxide blocking layer, a 7 nm thick silicon nitride
charge trapping layer, and a 3 nm thick silicon dioxide tun-
neling layer. As shown, the programming/erase time
increases dramatically when V . is scaled down. Generally,
program/erase times less than 1 ms are required for embedded
memory applications. However, such 1 millisecond (ms) pro-
gram/erase times may be achieved in the conventional
SONOS stack only with a V5 of +/-10 V. Conventional
SONOS program/erase times extend to 100 ms or more when
V o 1s reduced to approximately +/-9 V.

Furthermore, reducing the programming voltage results in
a reduction of the erase or program window (i.e. memory
window). This is because the electric field is across the ONO
stack is reduced if the equivalent oxide thickness (EOT) of the
entire ONO stack is not scaled down as the voltage is reduced.
Reducing the EOT ofthe stack is non-trivial because reducing
the tunneling layer thickness to allow the same initial erase
level at a lower applied voltage (V) can result in a detri-
mental increase in the erase and program decay rate.

Similarly, where improved charge retention is desired for
any given programming voltage, reduction of EOT of the
tunneling layer for a given physical thickness of the tunneling
layer is desirable.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention are illustrated by
way of example, and not limitation, in the figures of the
accompanying drawings in which:

FIG. 1 illustrates a cross sectional view of an intermediate
structure for a conventional SONOS device.

FIG. 2 depicts programming and erase times for a conven-
tional SONOS device employing a conventional ONO stack.

FIG. 3 illustrates a cross-sectional side view of a portion of
anonvolatile trapped-charge memory device having an ONO
structure including a nitridized oxide tunneling layer accord-
ing to an embodiment of the present invention.

FIG. 4 illustrates the nitrogen concentration profile of the
nitridized oxide tunneling layer in accordance with an
embodiment of the present invention.

FIG. 5 is a flow chart of method forming an ONO structure
including a nitridized oxide tunneling layer for a nonvolatile
trapped-charge memory device according to an embodiment
of the present invention.

FIG. 6 illustrates a graph depicting simulation showing
reduction in programming voltage attributable to a nitridized
oxide tunneling layer in accordance with an embodiment of
the present invention.

DETAILED DESCRIPTION

Embodiments of a nonvolatile trapped-charge memory
device employing a nitridized oxide tunneling layer are
described herein with reference to figures. However, particu-
lar embodiments may be practiced without one or more of
these specific details, or in combination with other known
methods, materials, and apparatuses. In the following
description, numerous specific details are set forth, such as
specific materials, dimensions and processes parameters etc.
to provide a thorough understanding of the present invention.
In other instances, well-known semiconductor design and
fabrication techniques have not been described in particular
detail to avoid unnecessarily obscuring the present invention.
Reference throughout this specification to “an embodiment”
means that a particular feature, structure, material, or charac-
teristic described in connection with the embodiment is
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included in at least one embodiment of the invention. Thus,
the appearances of the phrase “in an embodiment” in various
places throughout this specification are not necessarily refer-
ring to the same embodiment of the invention. Furthermore,
the particular features, structures, materials, or characteristics
may be combined in any suitable manner in one or more
embodiments.

The terms “over,” “under,” “between,” and “on” as used
herein refer to a relative position of one layer with respect to
other layers. As such, for example, one layer deposited or
disposed over or under another layer may be directly in con-
tact with the other layer or may have one or more intervening
layers. Moreover, one layer deposited or disposed between
layers may be directly in contact with the layers or may have
one or more intervening layers. In contrast, a first layer “on”
a second layer is in contact with that second layer. Addition-
ally, the relative position of one layer with respect to other
layers is provided assuming operations deposit, modify and
remove films relative to a starting substrate without consid-
eration of the absolute orientation of the substrate.

Embodiments of the present invention include a tunneling
layer having a nonvolatile trapped-charge memory device
with a tunneling layer including a nitridized oxide to reduce
the equivalent oxide thickness of the tunneling layer relative
to a silicon dioxide tunneling layer. Embodiments of the
present invention include methods for nitridizing a silicon
dioxide layer to form a nitridized oxide tunneling layer of a
nonvolatile trapped-charge memory device. In accordance
with one embodiment of the present invention, the nonvolatile
trapped-charge memory device is a SONOS-type device
wherein a charge-trapping layer is an insulator layer, such as
a nitride. In another embodiment, the nonvolatile trapped-
charge memory device is a Flash-type device wherein the
charge-trapping layer is a conductor layer or a semiconductor
layer, such as poly-silicon. Nonvolatile trapped-charge
memory devices employing the nitridized oxide tunneling
layer may enable a lower programming or erase voltage while
providing an erase voltage threshold level (VIP/VTE) as
good as or better than a conventional device.

FIG. 3 illustrates a cross-sectional side view of an interme-
diate structure of a SONOS-type device 300 having a nitrid-
ized oxide tunneling layer according to an embodiment of the
present invention. It should be appreciated that various other
SONOS embodiments disclosed herein may also be
employed. Thus, while the features of FIG. 3 may be refer-
enced throughout the description, the present invention is not
limited solely to this embodiment.

In one embodiment, substrate 308 is a bulk substrate com-
prised of a single crystal of a material which may include, but
is not limited to, silicon, germanium, silicon-germanium or a
II1-V compound semiconductor material. In another embodi-
ment, substrate 308 is comprised of a bulk layer with a top
epitaxial layer. In a specific embodiment, the bulk layer is
comprised of a single crystal of a material which may include,
but is not limited to, silicon, germanium, silicon/germanium,
a III-V compound semiconductor material and quartz, while
the top epitaxial layer is comprised of a single crystal layer
which may include, but is not limited to, silicon, germanium,
silicon/germanium and a III-V compound semiconductor
material. In another embodiment, substrate 308 is comprised
of a top epitaxial layer on a middle insulator layer which is
above a lower bulk layer. The top epitaxial layer is comprised
of'a single crystal layer which may include, but is not limited
to, silicon (i.e. to form a silicon-on-insulator (SOI) semicon-
ductor substrate), germanium, silicon/germanium and a I1I-V
compound semiconductor material. The insulator layer is
comprised of a material which may include, but is not limited
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to, silicon dioxide, silicon nitride and silicon oxy-nitride. The
lower bulk layer is comprised of a single crystal which may
include, but is not limited to, silicon, germanium, silicon/
germanium, a [II-V compound semiconductor material and
quartz. Substrate 308 and, hence, the channel region 312
between the source and drain regions 310, may comprise
dopant impurity atoms. In a specific embodiment, the channel
region is doped P-type and, in an alternative embodiment, the
channel region is doped N-type.

Source and drain regions 310 in substrate 308 may be any
regions having opposite conductivity to the channel region
312. For example, in accordance with an embodiment of the
present invention, source and drain regions 310 are N-type
doped while channel region 312 is P-type doped. In one
embodiment, substrate 308 is comprised of boron-doped
single-crystal silicon having a boron concentration in the
range of 1x10'°-1x10'® atoms/cm’. Source and drain regions
310 are comprised of phosphorous- or arsenic-doped regions
having a concentration of N-type dopants in the range of
5x10%-5x10"° atoms/cm?. In a specific embodiment, source
and drain regions 310 have a depth in substrate 308 in the
range of 80-200 nanometers. In accordance with an alterna-
tive embodiment of the present invention, source and drain
regions 310 are P-type doped while the channel region of
substrate 308 is N-type doped.

The SONOS-type device 300 further includes, over chan-
nel region 312, a gate stack 302 including an ONO stack 304,
a gate layer 314 and a gate cap layer 325. The ONO stack 304
further includes tunneling layer 316, a charge trapping layer
318 and a blocking layer 320.

In an embodiment, the tunneling layer 316 includes a
nitridized oxide. Because programming and erase voltages
produce large electric fields across a tunneling layer, on the
order of 10 MV/cm, the program/erase tunneling current is
more a function of the tunneling layer barrier height than the
tunneling layer thickness. However, during retention, there is
no large electric field present and so the loss of charge is more
a function of the tunneling layer thickness than barrier height.
To improve tunneling current for reduced operating voltages
without sacrificing charge retention, in a particular embodi-
ment, the tunneling layer 316 is a nitridized oxide. Nitridation
increases the dielectric constant (K) of the tunneling layer by
inducing nitrogen to an otherwise pure silicon dioxide film. In
certain embodiments, the tunneling layer 316 of nitridized
oxide has the same physical thickness as a conventional
SONOS-type device employing pure oxygen tunnel oxide. In
such embodiments, the charge trapping layer 318 charges
during program/erase faster than a pure oxygen tunnel oxide
of that thickness because relatively less of the large electric
field from the control gate is dropped across the nitridized
tunnel oxide (due to the relatively higher permittivity of
nitridized tunnel oxide). These embodiments enable the
SONOS-type device 300 achieve, with a reduced program/
erase voltage, the same program/erase voltage threshold level
(VTP/VTE) as a conventional SONOS-type device. In a par-
ticular embodiment, the SONOS-type device 300 employs a
tunneling layer 316 having nitridized tunnel oxide with a
physical thickness between 1.5 nm and 2.2 nm, and prefer-
ably between 1.9 nm and 2.2 nm. These embodiments further
enable the SONOS-type device 300 to have a lower EOT and
thereby operate with increased retention times for a program/
erase voltage approximately equal to a conventional SONOS-
type device. The SONOS-type device 300 may employ a
tunneling layer 316 having nitridized tunnel oxide with a
physical thickness greater than that of a non-nitridized tun-
neling layer operable at the same program/erase voltages. In



US 9,349,877 B1

5

one particular embodiment, the nitridized tunneling layer has
a physical thickness between 2.0 nm and 2.5 nm.

In a further embodiment, the tunneling layer 316 is nitrid-
ized in a particular manner to reduce the trap density at the
substrate interface to improve charge retention. For particular
embodiments in which the nitridized oxide tunneling layer is
scaled to be the same physical thickness as a pure oxygen
tunnel oxide, charge retention may be approximately the
same as the pure oxygen tunnel oxide of the same thickness.
Referring to FIG. 4, depicting an approximate nitrogen con-
centration profile within one embodiment of the tunneling
layer 416, the nitrogen concentration 414 decreases rapidly
toward the interface 413 to limit the formation of a silicon
nitride (Si;N,) layer in contact with the substrate 412. A
silicon nitride layer, comprising polar molecules, detrimen-
tally increases the trap density if present at interface 413,
thereby reducing charge retention via trap to trap tunneling.
As further shown in the embodiment of FIG. 4, 25% of the
thickness ofthe tunneling layer 416 proximate to the interface
413, is nitridized to have a nitrogen concentration 414 less
than 1x10?! nitrogen atoms/cm> while 25% of the thickness
of the tunneling layer 416 proximate to the charge trapping
layer 420 is nitridized to have at least 1x10** nitrogen atoms/
cm’.

In one embodiment, nitridization of oxide within the tun-
neling layer reduces its energy barrier and increases the
dielectric constant relative to a pure oxide tunneling layer. As
shown in FIG. 3, tunneling layer 316 is annotated for illus-
tration purposes with a centerline 317. FIG. 4 depicts a similar
centerline 417 with one half the thickness of the tunneling
layer 416 proximate the substrate 412 and one half the thick-
ness of the tunneling layer 416 proximate the charge trapping
layer 420. In a particular embodiment, the nitrogen concen-
tration 414 at the centerline 417 is between 9x10*° and
1x10*' atoms/cm>. In one such embodiment, the nitrogen
concentration 414 is below 1x10*! atoms/cm’ throughout the
first 25% of the thickness of the tunneling layer 416 and
reaches approximately 1x10*! atoms/cm? at 50% of the thick-
ness of the tunneling layer 416, or at the centerline 417. In a
further embodiment, the nitrogen concentration 414 is above
5x10*! atoms/cm’ within the last 25% of the thickness of the
tunneling layer 416, proximate the charge trapping layer 420.
Inan exemplary implementation, for a 2.2 nm tunneling layer,
the nitrogen concentration 414 is below 1x10** atoms/cm3
within the first 0.8 nm of the tunneling layer proximate the
substrate 412 and is at least 1x10*" atoms/cm>at 1.1 nm of the
tunneling layer 416 thickness. In this manner, with a particu-
lar embodiment of the nitridation oxidation method disclosed
elsewhere herein, the programming/erase V., may be
reduced without a significant reduction in charge retention of
a scaled SONOS-type device. For example, in a particular
embodiment, the nitridized oxide tunneling layer provides an
electron tunneling barrier height between 2.3 electron volts
(eV) and 3.0 eV, and a hole tunneling barrier height between
2.5eVand 4.25 eV.

The charge trapping layer 318 of the SONOS-type device
300 may further include any commonly known charge trap-
ping material and have any thickness suitable to store charge
and, modulate the threshold voltage of the device. In certain
embodiments, charge trapping layer 318 is silicon nitride
(Si3N,), silicon-rich silicon nitride, or silicon oxynitride. In
one particular embodiment, the charge trapping layer 318 has
a non-uniform stoichiometry across the thickness of charge
trapping layer. For example, the charge trapping layer 318
may further include at least two oxynitride layers having
differing compositions of silicon, oxygen and nitrogen. In
one such embodiment, a bottom oxynitride within trapping
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layer 318 has a first composition with a high silicon concen-
tration, a high oxygen concentration and a low nitrogen con-
centration to provide an oxygen-rich oxynitride. This first
oxynitride may have a physical thickness between 2.5 nm and
4.0 nm corresponding to an EOT of between 1.5 nm and 5.0
nm. The charge trapping layer 318 may further include a top
oxynitride with a high silicon concentration, a high nitrogen
concentration and a low oxygen concentration to produce a
silicon-rich oxynitride. This second oxynitride may have a
physical thickness of 6.0 nm for a charge trapping layer 318
with a net physical thickness of 9.0 nm.

Completing the ONO stack 304, the blocking layer 320 of
the SONOS-type device 300 may be any commonly known
material with any thickness suitable to maintain a barrier to
charge leakage without significantly decreasing the capaci-
tance of gate stack. In one embodiment, blocking layer 320
comprises a high-k dielectric layer which may include, but is
not limited to, hafnium oxide, zirconium oxide, hafnium sili-
cate, hafnium oxy-nitride, hafnium zirconium oxide and lan-
thanum oxide. In another embodiment, the blocking layer 320
is silicon dioxide or silicon oxynitride with a physical thick-
ness between about 3.0 nm and about 5.0 nm.

Over the ONO stack 304 is a gate layer 314. The gate layer
314 may be any conductor or semiconductor material. In one
such embodiment, the gate layer 314 is poly-silicon (poly). In
another embodiment, the gate layer 314 contains a metal,
such as, but not limited to, hafnium, zirconium, titanium,
tantalum, aluminum, ruthenium, palladium, platinum, cobalt
and nickel, their silicides, their nitrides and their carbides. In
one particular embodiment, the gate layer 314 is poly-silicon
having a physical thickness of between 70 nm and 250 nm.

As further shown in FIG. 3, the SONOS-type device 300
includes a gate cap layer 325 super adjacent to the gate layer
314 and has approximately the same critical dimensions as
the gate layer 314 and ONO stack 304. In certain embodi-
ments, the gate cap layer 325 forms the top layer of the gate
stack 302 and provides a hard mask during patterning of the
gate layer 314 and ONO stack 304. In some embodiments, the
gate cap layer 325 facilitates formation of self aligned con-
tacts (SAC) to the SONOS devices. The gate cap layer 325
may be comprised of any material capable providing the
necessary selectivity to subsequent etch processes, such as,
but not limited to, silicon dioxide, silicon nitride, and silicon
oxynitride. In other embodiments, no gate cap layer 325 is
included a part of the gate stack.

FIG. 5 depicts a flow chart of a method for forming a
SONOS-type device having a tunneling layer formed with
nitridized oxide, such as tunneling layer 316 depicted in FI1G.
3. Nitridation of the tunnel oxide in a scaled SONOS device is
challenging because improper nitridation of the tunnel oxide
results in a greater number of interface traps. Transistor
threshold voltages (V ;) shift upward as a result of interface
traps and also erased-state retention is reduced with greater
interface trap density, because trapped holes can tunnel out of
the trapping nitride to fill available interface trap states. To
avoid these issues, in a particular embodiment, the nitridized
tunnel oxide method depicted in FIG. 5 is employed. In one
such embodiment, a nitrogen concentration profile in an
oxide tunneling layer may approximate that depicted in FIG.
4.

The method of FIG. 5 begins with forming a nitridized
tunnel oxide over a silicon-containing layer on a surface of
the substrate. In an embodiment, tailoring of the nitrogen
profile in the nitridized tunnel oxide of a SONOS-type device
is accomplished with a multi-step nitridation and oxidation
method. Atoperation 501, a thin thermal oxide is formed from
a silicon containing layer on a surface of a substrate, such as
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substrate 308 of FIG. 3. Because a good interface with the
substrate is necessary, formation of a chemical oxide may
preface the thermal oxidation. In a particular embodiment,
therefore, a chemical oxide is present during the thermal
oxidation (as opposed to performing a conventional “HF last”
pre-clean). In one such embodiment, the chemical oxide is
grown with ozonated water to form a chemical oxide layer
with a thickness of approximately 1.0 nm.

The thermal oxide is formed to a thickness of between
approximately 1.0 nm and 1.8 nm. In a particular embodi-
ment, the thermal oxide is formed to a thickness of between
1.0 nm and 1.2 nm. Thus, in embodiments where a 1.0 nm
chemical oxide is present during the thermal oxidation of
operation 501, the thickness of the surface oxide does not
substantially increase, however the quality of the oxide is
improved. In a further embodiment, the oxide is of relatively
low density to facilitate subsequent incorporation of a signifi-
cant wt % of nitrogen. Too low of a film density, however, will
result in too much nitrogen at the silicon substrate interface.
Formation of'the silicon dioxide layer at operation 501 further
serves as a means to block additional substrate oxide forma-
tion during subsequent thermal processing, discussed further
below. In one embodiment, an atmospheric pressure vertical
thermal reactor (VTR) is employed to grow the thermal oxide
at a temperature between 680 degrees Celsius (° C.) and 800°
C. in the presence of an oxidizing gas such as, oxygen (O,),
nitrous oxide (N,0), nitric oxide (NO), ozone (O,), and steam
(H,0). Depending on the oxidizer chosen, the oxidation of
operation 501 may be from 3.5 minutes to 20 minutes in
duration. In one atmospheric embodiment, employing O, gas
at a temperature between 700° C. and 750° C., a process time
between 7 minutes and 20 minutes forms an approximately
1.0 nm silicon dioxide film.

In another embodiment, the oxidation operation 501 is
performed with a sub-atmospheric processor such as the
Advanced Vertical Processor (AVP) commercially available
from AVIZA technology of Scotts Valley, Calif. The AVP may
be operated in the temperature range described above for a
VTR embodiment and at a pressure between 1 Torr (T) and
atmospheric pressure. Depending on the operating pressure,
the oxidation time to form a thermal silicon dioxide film of
between approximately 1.0 nm and 1.8 nm in thickness may
extend up to nearly an hour, as may be determined by one of
ordinary skill in the art.

Next, at operation 502 in the multiple oxidation nitridation
method embodiment depicted in FIG. 5, the thermal oxide
formed at operation 501 is nitridized. Generally, at operation
502, a nitrogen anneal is performed to increase the dielectric
constant (k) and reduce the fixed charge of the thermal oxide
layer. In one embodiment, the nitrogen anneal employs a
hydrogenated nitrogen source, such as ammonia (NH;). In
another embodiment, the nitrogen anneal employs a deuter-
ated nitrogen source, such as deuterated ammonia (ND,). In
one specific embodiment, the nitrogen anneal is performed at
a temperature between 700° C. and 850° C. for between 3.5
minutes and 30 minutes. In another specific embodiment, the
nitrogen anneal is performed at a temperature between 725°
C. and 775° C., for between 3.5 minutes and 30 minutes. In
one such embodiment, NH; is introduced at atmospheric
pressure at a temperature of between 725° C. and 775° C., for
between 3.5 minutes and 30 minutes. In an alternative
embodiment, a sub-atmospheric NH, anneal is performed at
800° C. 10 900° C. for 5 minutes to 30 minutes in a processor
such as the AVP. In still other embodiments, commonly
known nitrogen plasma and thermal anneal combinations are
performed.
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Following operation 502, a reoxidation is performed at
operation 504. In one embodiment, during the reoxidation
process, an oxidizing gas is thermally cracked to provide
oxygen radicals close to the film surface. The oxygen radicals
eliminate nitrogen and hydrogen trap charge. The reoxidation
operation 502 also grows an additional oxide at the substrate
interface to provide a physical offset between the substrate
and a nitrogen concentration within the tunneling layer. For
example, referring back to FIG. 3, the reoxidation helps to
separate the substrate interface 313 from a nitrogen concen-
tration within the tunneling layer 316. As specifically shown
in FIG. 4, for one implementation, the nitrogen concentration
414 in the tunneling layer 416 at the substrate interface 413 is
significantly below 1x10?! atoms/cm® and may be on the
order of 1x10%° atoms/cm®. This offset in the nitrogen from
the substrate interface improves retention of a SONOS-type
device. In one embodiment, the thickness of the oxide grown
at the substrate interface 413 is limited to between 1.2 nm and
2.5 nm. At operation 505, the reoxidation process conditions
are chosen such that the thickness of the thermal oxide formed
at operation 501 prevents oxidation beyond a thickness of
approximately 2.5 nm, which could render a tunneling layer
devoid of any advantageous nitrogen concentration. Com-
monly known oxidizers may be employed for the reoxidation
process, such as, but not limited to, NO, N,O, O,, O; and
steam. Any such oxidizers may be introduced with known
thermal processors operating at a temperature of between
800° C. and 850° C. Depending on the operating parameters,
reoxidation time may be anywhere between 5 minutes and 40
minutes. In a particular embodiment, NO is employed in an
atmospheric furnace operated at a temperature between 800°
C.and 850° C. for a process time of approximately 15 minutes
to form a nitridized oxide film that is approximately 2.2 nm in
thickness on a silicon substrate. In one such embodiment, the
reoxidized film 2.2 nm thick forms a region between 0.5 nm
and 0.8 nm proximate to the interface with the silicon sub-
strate, the region having a nitrogen concentration below
1x10*" atoms/cm>.

Following the reoxidation of operation 504, a second nitro-
gen anneal is performed to renitridize the tunneling layer in
the multiple oxidation nitridation embodiment depicted in
FIG. 5. A second nitrogen anneal is employed to further
increase the dielectric constant of the tunneling layer without
detrimentally introducing a large number of hydrogen or
nitrogen traps at the substrate interface. In one embodiment,
the second nitrogen anneal of operation 506 is performed
with conditions identical to the anneal performed in operation
502. In another embodiment, the second nitrogen anneal of
operation 506 is performed at a higher temperature than the
first nitrogen anneal of operation 502 to introduce additional
nitrogen into the tunneling layer. In one embodiment, the
nitrogen anneal employs a hydrogenated nitrogen source,
such as NH;. In another embodiment, the nitrogen anneal
employs a deuterated nitrogen source, such as ND;. In a
specific embodiment, the nitrogen anneal of operation 506
employs NH, at atmospheric pressure and a temperature
between 750° C. and 950° C. with a processing time of
between 3.5 minutes and 30 minutes. In another particular
embodiment, the NH; anneal is performed at atmospheric
pressure between 800° C. and 850° C. for between 5 minutes
and 10 minutes.

As described, operations 501 through 506 depicted in FIG.
5 provide two oxidation operations and two nitridation opera-
tions. The iterative oxidation, nitridation scheme depicted
enables specific tailoring of the nitrogen concentration in the
tunneling layer to achieve both a reduction in programming
voltage or increase in programming speed and an increase in
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memory retention of a SONOS-type device. The successive
nature of the oxidation, nitridation, reoxidation, renitridation
operations 501-506 enable an appreciable nitrogen concen-
tration in a tunneling layer less than 2.5 nm thick while
providing an interface between the tunneling layer and the
substrate that has very little nitrogen and hydrogen traps. The
independent oxidation, nitridation, reoxidation, renitridation
operations 501-506 enable the first and second oxidations and
first and second nitridation to be performed with indepen-
dently engineered conditions to provide greater degrees of
freedom in tailoring the nitrogen concentration profile in a
tunneling layer. In one advantageous embodiment, operation
501, 502, 504 and 506 are successively performed in a single
thermal processor without removing the substrate from the
processor between operations. In one such embodiment, pro-
cess pressure is held at atmosphere for operations 501-506.
First, oxidation operation 501 is performed at a temperature
of between 700° C. and 750° C. Gas flows are then modified
as prescribed to perform the nitrogen anneal of operation 502
at a temperature between 725° C. and 775° C. The furnace
temperature is then ramped up to between 800° C. and 850° C.
and gas flows are again modified to perform the reoxidation of
operation 504. Finally, while holding the furnace between
800° C. and 850° C., gas flows are again modified to perform
the second nitrogen anneal of operation 506.

With the nitridized oxide tunneling layer 316 of FIG. 3
substantially complete, fabrication of the SONOS-type
device 300 may continue with formation of a charge trapping
layer, such as charge trapping layer 318. In one embodiment,
nitride or oxynitride charge trapping layers are formed at
operation 508 of FIG. 5 in a low pressure CVD process using
a silicon source, such as silane (SiH,), dichlorosilane
(SiH,Cl,), tetrachlorosilane (SiCl,) or Bis-TertiaryButy-
1Amino Silane (BTBAS), a nitrogen source, such as N,, NH,
N,O or nitrogen trioxide (NO;), and an oxygen-containing
gas, such as O, or N,O. Alternatively, gases in which hydro-
gen has been replaced by deuterium can be used, including,
for example, the substitution of ND; for NH;. The substitu-
tion of deuterium for hydrogen advantageously passivates Si
dangling bonds at the substrate interface 313, thereby increas-
ing an NBTI (Negative Bias Temperature Instability) lifetime
of SONOS-type devices.

In one exemplary implementation, an oxynitride charge
trapping layer can be deposited over a tunneling layer by
placing the substrate in a deposition chamber and introducing
a process gas including N,O, NH; and DCS, while maintain-
ing the chamber at a pressure of from about 5 millitorr (mT)
to about 500 mT, and maintaining the substrate at a tempera-
ture of from about 700° C. to about 850° C. and more pref-
erably at least about 780° C., for a period of from about 2.5
minutes to about 20 minutes. In a further embodiment, the
process gas can include a first gas mixture of N,O and NH;
mixed in a ratio of from about 8:1 to about 1:8 and a second
gas mixture of SiH,Cl, and NH; mixed in a ratio of from
about 1:7 to about 7:1, and can be introduced at a flow rate of
from about 5 to about 200 standard cubic centimeters per
minute (sccm). It has been found that an oxynitride layer
produced or deposited under these condition yields a silicon-
rich, oxygen-rich, oxynitride layer. Formation of the charge
trapping layer may further involve a CVD process employing
a first gas mixture of N,O and NH; mixed in a ratio of from
about 8:1 to about 1:8 and a second gas mixture of SiH,Cl,
and NH; mixed in a ratio of from about 1:7 to about 7:1,
introduced at a flow rate of from about 5 to about 20 sccm to
yield a silicon-rich, nitrogen-rich, and oxygen-lean oxyni-
tride layer.
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In one embodiment, formation of a charge trapping layer at
operation 508 is performed sequentially in the same process-
ing tool used to form the tunneling layer without unloading
the substrate from the deposition chamber between opera-
tions 506 and 508. In a specific embodiment, the charge
trapping layer is deposited without altering the temperature at
which the substrate was heated during the second nitrogen
anneal of operation 506. In one embodiment, the charge trap-
ping layer is deposited sequentially and immediately follow-
ing nitridation of the tunneling layer at operation 506 by
modifying the flow rate of NH, gas, and introducing N2O and
SiH,Cl, to provide the desired gas ratios to yield either a
silicon-rich and oxygen-rich, a silicon rich and nitrogen-rich
oxynitride layer, or both layers in a dual-layer implementa-
tion.

Following operation 508, a blocking layer can be formed at
operation 510 by any suitable means including, for example,
thermal oxidation or deposition with CVD techniques. In a
preferred embodiment, the blocking layer is formed with a
high-temperature CVD process. Generally, the deposition
process involves providing a silicon source, such as SiH,,
SiH,Cl,, or SiCl, and an oxygen-containing gas, such as O,
or N,O in a deposition chamber at a pressure of from about 50
mT to about 1000 mT, for a period of from about 10 minutes
to about 120 minutes while maintaining the substrate at a
temperature of from about 650° C. to about 850° C. Prefer-
ably, the blocking layer is deposited sequentially in the same
processing tool employed to form the charge trapping layer(s)
at operation 508. More preferably, the blocking layer is
formed in the same processing tool as is both the charge
trapping layer(s) and the tunneling layer without removing
the substrate between operations.

Finally, as depicted in FIG. 5 the method may proceed at
operation 512 with formation of a gate layer, such as the gate
layer 314 of FIG. 3, to complete the gate stack of a SONOS-
type device. The silicon containing layer can be, for example,
a poly-silicon layer deposited by a CVD process to form a
control gate of a SONOS-type device. In certain embodi-
ments, operation 512 may further include formation of a gate
cap layer, such as gate cap layer 325 depicted in FIG. 3. With
the completion of the gate stack fabrication, further process-
ing may occur as known in the art to conclude fabrication of
the SONOS-type device 300.

FIG. 6 illustrates a graph depicting simulation showing
reduction in programming voltage attributable to a nitridized
oxide tunneling layer in accordance with an embodiment of
the present invention. As shown, leakage current at retention
voltages for 20 A pure oxide tunneling layer and 40 A nitride
charge trapping layer is equal to 20 A nitridized oxide tun-
neling layer and 40 A charge trapping layer nitride, while
charging current for the nitridized oxide tunneling layer at
programming voltages is greater than that of the pure oxide
tunneling layer. Thus, at a program or erase voltage 0f 9.1V,
a nitridized oxide tunneling layer in accordance with the
present invention may provide the same program erase level
achieved with a 10V program or erase voltage and a conven-
tional pure oxide tunneling layer.

Although the present invention has been described in lan-
guage specific to structural features and/or methodological
acts, it is to be understood that the invention defined in the
appended claims is not necessarily limited to the specific
features or acts described. The specific features and acts dis-
closed are to be understood as particularly graceful imple-
mentations of the claimed invention in an effort to illustrate
rather than limit the present invention.
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What is claimed is:
1. A nonvolatile trapped-charge memory device, compris-
ing:
atunneling layer on a substrate, the tunneling layer includ-
ing a nitrided oxide film;
a charge trapping layer on the tunneling layer; and
a blocking layer on the charge trapping layer,
wherein the nitrided oxide film comprises a first region
comprising approximately 25% of the tunneling layer
thickness proximate to the substrate, a second region
comprising approximately 25% of the tunneling layer
thickness proximate to the charge trapping layer, and a
middle region between the first region and the second
region, and wherein a concentration of nitrogen in the
second region monotonically increases from the middle
region to at least approximately 5x10** atoms/cm> at a
first interface between the second region and the charge
trapping layer, and monotonically decreases from the
middle region to a second interface between the first
region and the substrate.
2. The nonvolatile trapped-charge memory device of claim
1, wherein the nitrogen source comprises deuterated ammo-
nia (ND;) to provide passivated Sibonds in the nitrided oxide
film at the second interface between the first region and the
substrate to reduce hydrogen trap density at the second inter-
face.
3. The nonvolatile trapped-charge memory device of claim
1, wherein the tunneling layer further comprises a chemical
oxide at the second interface to provide a physical offset
between the substrate and the nitrided oxide film.
4. The nonvolatile trapped-charge memory device of claim
3, wherein the chemical oxide is grown with ozonated water
and comprises a thickness of approximately 1.0 nm.
5. The nonvolatile trapped-charge memory device of claim
1, wherein the tunneling layer provides an electron tunneling
barrier height of between 2.3 electron volts (eV) and 3.0 eV,
and a hole tunneling barrier height between 2.5 eV and 4.25
eV.
6. The nonvolatile trapped-charge memory device of claim
1, wherein the first region of the tunneling layer comprises a
nitrogen concentration less that approximately 5x10** atoms/
cm?®.
7. The nonvolatile trapped-charge memory device of claim
1, wherein the charge trapping layer comprises an oxynitride
in contact with the tunneling layer to form a SONOS-type
device.
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8. The nonvolatile trapped-charge memory device of claim
7, wherein the oxynitride comprises an oxygen-rich oxyni-
tride having a high silicon concentration, a high oxygen con-
centration and a low nitrogen concentration.

9. A nonvolatile trapped-charge memory device, compris-
ing:

atunneling layer on a substrate, the tunneling layer includ-

ing a nitrided oxide film formed by annealing an oxide
formed on the substrate using a nitrogen source;

a charge trapping layer on the tunneling layer; and

a blocking layer on the charge trapping layer,

wherein the nitrided oxide film comprises a first region

proximate to the substrate, a second region comprising
approximately 25% of the tunneling layer thickness
proximate to the charge trapping layer, and wherein the
second region comprises a nitrogen concentration that
monotonically increases to at least approximately
5%x10%* atoms/cm” at a first interface between the second
region and the charge trapping layer.

10. The nonvolatile trapped-charge memory device of
claim 9, wherein the nitrogen source comprises deuterated
ammonia (ND;) to provide passivated Si bonds in the nitrided
oxide film at a second interface between the tunneling layer
and the substrate to reduce hydrogen trap density at the sec-
ond interface.

11. The nonvolatile trapped-charge memory device of
claim 9, wherein the tunneling layer provides an electron
tunneling barrier height of between 2.3 electron volts (eV)
and 3.0 eV, and a hole tunneling barrier height between 2.5 eV
and 4.25 eV.

12. The nonvolatile trapped-charge memory device of
claim 9, wherein the first region comprises a nitrogen con-
centration of at least approximately 1x10** atoms/cm®.

13. The nonvolatile trapped-charge memory device of
claim 9, wherein the charge trapping layer comprises an
oxynitride in contact with the tunneling layer to form a
SONOS-type device, and wherein the oxynitride comprises
an oxygen-rich oxynitride having a high silicon concentra-
tion, a high oxygen concentration and a low nitrogen concen-
tration.

14. The nonvolatile trapped-charge memory device of
claim 9, wherein the first region comprises a nitrogen con-
centration less that than approximately 5x10* atoms/cm>.
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